Abstract: This manuscript is concerned with the opening and closing of a capsuleplex made up of organic guest molecules and two cavitand molecules known as octaacid (OA). The capsuleplex is loosely held together in water through weak interactions. We have investigated the opening-closing of the OA capsuleplex by monitoring the quenching of excited singlet and (or) triplet states of nine different guest molecules encapsulated within a capsule by molecular oxygen that is dissolved in water surrounding the capsule. The rate constants for oxygen quenching of the excited guest molecules were estimated by monitoring the intensity of fluorescence/phosphorescence or lifetimes of excited states of guest molecules in the presence of different concentrations of oxygen in water. Guest molecules were chosen such that one could probe the opening-closing process during a time range of 0.05 to 922 ms. We believe that the oxygen quenching constant reflects the accessibility of oxygen to the guest enclosed within the OA capsuleplex, and this in turn depends on the capsule opening-closing rate constant. Based on the quenching studies, we conclude that guests whose lifetimes are shorter than 5 ms are inaccessible to oxygen. Results presented in this report suggest that the extent and time scale for opening depends on the guest.
Introduction
This manuscript is concerned with the dynamics of a capsuleplex made up of an organic guest and two host molecules. The host octaacid (OA, 1, Scheme 1), having a cuplike shape, belongs to a class of hosts known as cavitands. 1 The capsuleplex we are concerned with in this report is made up of two OA cavitand molecules and guest molecules that are loosely held by weak interactions in water. Examples of 1:2 and 2:2 (guest:host ratio) capsuleplexes of octaacid are known, and this article deals with both types of capsuleplexes. 2 We have recently established that an organic guest molecule, confined within a capsule made up of two molecules of OA, undergoes motion corresponding to rotations along its short and long axes. 3 Examination of a number of guest molecules by 1 H NMR and EPR experiments suggested that the extent of rotation depends on the structure of the guest molecule. In addition, when two guest molecules form a capsuleplex with OA, they can undergo sliding motion. These three types of motion that we have established as occurring within the OA capsuleplex are illustrated in a cartoon fashion in Schemes 2a-2c. In this manuscript, we are concerned with yet another motion, namely partial opening and closing of the capsuleplex (Scheme 2d). We define opening to mean that the two cavitand molecules that make up the capsule come apart enough for a quencher such as oxygen to access the guest present inside. Since the capsuleplex is made up of two weakly interacting host molecules, a legitimate question comes to mind: ''Does the capsuleplex remain closed all the time or does it open and close periodically? If the latter, what is the time scale in which such a process takes place? '' In this study, we have probed the opening-closing of a capsuleplex by monitoring the quenching of excited singlet and (or) triplet states of guest molecules (Scheme 3) present inside a capsule by molecular oxygen that is present outside the capsule. The rate of quenching was estimated by monitoring the intensity of fluorescence/phosphorescence or lifetimes of excited states of guest molecules in the presence of different concentrations of oxygen in water. Guest molecules were chosen such that one could probe the opening-closing process during a wide time range. Structures and molecular dimensions of guests employed whose excited-state lifetimes cover 0.05 to 922 ms are listed in Scheme 3. Based on the results presented in the following, we conclude that guests whose lifetimes are shorter than 5 ms are not accessible to oxygen. However, guests with lifetimes longer than 15 ms are accessible to oxygen. Based on the measured quenching rate constants, we conclude that the extent and time scale for opening depends on the guest.
Results and discussion
Capsuleplexes composed of guests 2-10 and OA were prepared in water at pH~9.0 (borate buffer). 4, 5 Details are provided in the Experimental section of the Supplementary data. 1 H NMR spectral data confirmed the inclusion of guests within the OA capsule and provided information about the stoichiometry of the complex. NOESY experiments helped us infer the orientation of guest molecule(s) within the OA capsule. The 1 H NMR experimental details for one guest molecule, 4,4'-dimethoxythiobenzophenone (8) , as a representative of guests 2-10, are described in the following. A similar approach yielded information about the inclusion of other guest molecules and are listed in Scheme 3. The 1 H NMR spectra of free OA in water, 8 in CDCl 3 , and 8@OA 2 capsuleplex (represented as guest@host; stoichiometry indicated as a subscript) in water are provided in Fig. 1 . In this case, the signals owing to OCH 3 in compound 8 appear at d 3.9 ppm in CDCl 3 , whereas within OA in D 2 O, it is upfield shifted to d -0.81 ppm. Such an upfield shift owing to diamagnetic shielding by the aromatic ring that forms the OA capsule has been established earlier. 6, 7 Similar upfield shifts for various protons in compounds 2-7, 9, and 10 confirmed the inclusion of these probe molecules within the OA capsule (the spectra are provided as Supplementary data). As seen in Fig. 1 , in addition to the shift in the 1 H signals of the guest, the signals owing to the OA molecule were also affected. Interpretation of these changes has been discussed in prior publications and will not be repeated here. 1 H NMR titration experiments established the stoichiometry of the 8@OA 2 complex to be 1:2. Titration spectra in the case of OA with 8 are provided in Fig. 2 . As can be seen in the spectra, upon addition of the guest up to 0.5 equiv, there are changes in the host region. Addition of more than 0.5 equiv of the guest did not result in any further changes in the spectra, suggesting that 8 forms a 1:2 complex with OA. Also, addition of more than 0.5 equiv of 8 to the OA solution resulted in turbidity, suggesting that 8 is insoluble in water in the absence of OA. The appearance of sharp signals owing to guest 8 and the absence of a shift in the guest peaks with varying ratios of host-to-guest suggested that in the NMR time scale, 8 remains within the OA capsule. Capsule formation was further confirmed by measuring the diffusion constant of the capsuleplex by 1 H NMR DOSY experiments. For example, free OA has a diffusion constant of 1.88 Â 10 -6 cm 2 s -1 , whereas the 8@OA 2 complex has a diffusion constant of 1.38 Â 10 -6 cm 2 s -1 . Similar diffusion constants were observed for complexes of 2-7, 9, and 10 (see Supplementary data). Guest-to-host ratios for all capsuleplexes discussed in this study are included in Table 1 .
The experiments we performed to gain information concerning the capsule opening-closing process rely on the quenching of excited states (S 1 or T 1 ) of guest molecules by molecular oxygen. 8 Guest molecules 2-8, having very high rate constants of intersystem crossing (ISC) from S 1 to T 1 , show phosphorescence at room temperature in solution (see Table 1 for the quenching of the excited state). 8, 9 On the other hand, probes 9 and 10, having low rate constants of ISC from S 1 to T 1 , fluoresce at room temperature. In the first set of compounds (2) (3) (4) (5) (6) (7) (8) , the T 1 state (phosphorescence), and in the latter two molecules (9 and 10), the S 1 state (fluorescence), are quenched by molecular oxygen via energy transfer in organic solvents with rate constants >5 Â 10 8 (mol/L) -1 s -1 (Table 1) . 10, 11 Since pyrene (9) did not phosphoresce at room temperature, quenching in the case of the pyrene triplet was monitored by its T-T absorption. As indicated in Table 1 , the pyrene triplet was quenched by oxygen in a cyclohexane solution with a rate constant of 1.6 Â 10 9 (mol/L) -1 s -1 . 10 Since the excited states of all the guest Scheme 3. Structures and dimensions of the guests used in this study. The dimensions indicated for various guests refer to atom-to-atom and do not include the van der Waals radius. molecules we chose were quenched with very high rate constants in solution, 12 we believed that oxygen should be able to quench the excited states of guest molecules 2-10 entrapped within the OA, provided that the excited guest molecules were accessible to oxygen during their lifetime. Alternatively, the quenching could occur through the wall of the capsuleplex. We believed that information on the rate constants of oxygen quenching of the excited states of various guests would be able to distinguish between the two mechanistic possibilities. If the quenching occurs through donor-acceptor contact, the accessibility of oxygen to the excited guest molecule would depend on the openingclosing of the capsuleplex. The cavitand that forms the capsule has two ports, one small and one large. Oxygen with a molecular width of~3 Å (including the van der Waals' radius) will not be able to access the entrapped guest through the smaller port of the OA capsuleplex, which has a diameter of~2 Å (including the van der Waals' radius, see Scheme 1). Therefore, we believe that oxygen and the entrapped guest could meet only through the larger port that is present at the middle of the capsuleplex. The larger port would become available only if the capsuleplex opens at least partially. We need to address several questions before drawing conclusions regarding the opening-closing process of the capsuleplex from the oxygen quenching data: (i) Is the probe molecule entrapped within a capsule accessible to oxygen? (ii) Is the quenching static or dynamic? (iii) What are the rates of quenching of the capsule-trapped guests? (iv) What is the rate-determining step in the quenching process?
In this section, we present experimental data for benzil (3) as a representative of guests 2-6. Experimental data for guests 2 and 4-6 are provided in the Supplementary data. Room-temperature emission spectra of 3@OA 2 in water (borate buffer) consisting of fluorescence, delayed fluorescence (480-520 nm), and phosphorescence (530-650 nm) are shown in Fig. 3a . As illustrated in the figure, the phosphorescence intensity is significantly reduced in the presence of oxygen compared with that in nitrogen-saturated buffer solution. The displayed spectra clearly show that emission intensities are dependent on the concentration of oxygen in water. The phosphorescence (530-650 nm) was significantly quenched by oxygen, whereas the fluorescence (direct and delayed fluorescence at 480-520 nm) shows only minor oxygen quenching. Consistent with the steady-state emission data, the excited triplet state decay profiles displayed in Fig. 3b also exhibit oxygen-concentration dependence. Rate constants for quenching of the benzil triplet by oxygen were determined by monitoring the decay profiles of benzil triplet states at varying concentrations of oxygen. Triplet-state decay profiles were monitored by two independent methods, phosphorescence (Fig. 3b) and triplettriplet absorption measurements. The rate constants for quenching were obtained from the slope of the plots of the pseudo-first-order decay rate constants of benzil triplet states vs the oxygen concentration (Fig. 4) . Quenching rate constants obtained by the two methods (included in the figure) are identical within experimental error. 13, 14 These data suggest that oxygen is able to quench the benzil triplet in spite of it being enclosed within the OA capsule. However, the rate constant for quenching of benzil in a capsuleplex is (Table 1) . Rate constants for oxygen quenching of the triplets of guest molecules 2-6 and 9 captured with the OA capsule are provided in Table 1 . As noted, the numbers are more than an order of magnitude lower in the capsule than in an organic solvent.
To interpret the data, we need to ascertain whether the quenching is static or dynamic. The data provided in Fig. 3 suggest that the quenching is a dynamic process. Had it been a fully static process, no variation in lifetime would have occurred. Further support comes from the Stern-Volmer plots with points taken from both steady-state emission and lifetime data (Fig. 3c) . The linear lines with almost identical slopes are consistent with a dynamic process. This conclusion is also consistent with the difference in rise time of singlet oxygen phosphorescence and decay time of benzil phosphorescence (Fig. 5c) .
To probe the mechanism of the quenching process, phosphorescence emission from singlet oxygen was monitored upon quenching the 3@OA 2 triplet by ground-state oxygen. As illustrated in Fig. 5a , quenching of benzil triplet resulted in phosphorescence from singlet oxygen, suggesting that quenching is the result of energy transfer. Furthermore, the difference in emission intensities (Fig. 5a) time in water. Since our earlier studies have shown that the capsuleplex is nonpolar and has no water molecules inside the capsule, 16 we believe that singlet oxygen following energy transfer, if it occurs within the capsule, escapes to water. Alternatively, the energy transfer might be occurring when the capsule is partially open so that water molecules surround the donor and acceptor pair. We favor the latter model.
Triplets of xanthione (7) and 4,4'-dimethoxythiobenzophenone (8) included within OA capsule were not quenched by oxygen, although they were quenched at diffusion-limited rates in organic solvents. [17] [18] [19] Phosphorescence spectra and triplet decay profiles in the presence of oxygen and nitrogen, shown in Fig. 6 for xanthione, are distinctly different from those shown in Fig. 3 for benzil. In Fig. 6 , the phosphorescence intensities and triplet decays are almost identical for nitrogen-and oxygen-saturated solutions. This behavior also extended to S 1 of pyrene (9) and phenanthrene (10) . As illustrated in Fig. 7a , the fluorescence spectra of pyrene@OA 2 in nitrogen-saturated and oxygen-saturated buffer solutions are identical. The S 1 lifetime of pyrene was nearly identical under nitrogen-and oxygen-saturated conditions (Fig. 7b) . This is distinctly different from that in cyclohexane solution where pyrene S 1 is quenched by oxygen at a diffusionlimited rate. Thus, while the S 1 states of pyrene and phenanthrene are quenched at diffusion-controlled rates in cyclohexane, 10, 11 they are unquenched when they are included within the OA.
Examination of Table 1 reveals that there are two sets of molecules, one (triplet 2-6 and triplet 9) includes the molecules that are quenched by oxygen when enclosed within the OA capsule, and the other (7-10) represents the molecules that are not quenched by oxygen when enclosed within the OA capsule. Since the second set of molecules involves both triplet (7 and 8) and excited singlet (9 and 10) states, we believe that the absence of quenching in the second set does not depend on the spin state. Closer examination of Table 1 suggests that the lifetime of the excited state is likely to play a role in the quenching process. Although in solution they are quenched at diffusion-controlled rate constants, guest molecules whose lifetimes are shorter than 5 ms are not quenched by oxygen when they are enclosed in the OA capsule. Also, it is important to note that the five guest molecules whose lifetimes span between 17 and 922 ms are quenched with rate constants varying between 5 Â 10 5 (mol/L) -1 s -1 and 8 Â 10 7 (mol/L) -1 s -1 . We need to address three important questions: (i) What exactly do the quenching rate constants imply? (ii) Why are some encapsulated guests quenched but not the others? (iii) Why do the quenching rate constants vary between the guests?
In Scheme 4, the sequence of steps involved in the energy-transfer process are summarized with rate constants listed above each step. The first step is the diffusion of the excited capsuleplex and oxygen to form a collision complex with a rate constant of k d . The second step represents the access of oxygen to the excited guest present within the capsule. This step requires partial opening of the capsuleplex and the rate constant is represented as k o . The third step is the true energy-transfer process between ground-state oxygen and the excited guest that are close to each other. This step is represented by the rate constant k 0 ET . To differentiate between the energy transfer occurring across the wall of the capsuleplex and the one involving the collisional complex between ground-state oxygen and the excited guest (present within the host OA), the former process is represented by a rate constant of k ET .
The sequence of steps involved in the quenching of guest@OA 2 by oxygen is shown in Scheme 4. We visualize three possible mechanisms for the energy-transfer process: (i) Energy transfer occurs between the excited guest entrapped within the OA capsule and oxygen in water through the walls of the capsule. This type of energy transfer has been demonstrated to occur between benzil entrapped within a covalently linked capsule (carceplex) and oxygen. [20] [21] [22] [23] [24] The upper limit of the rate constant for this process was estimated to be 10 4 (mol/L) -1 s -1 . Since the measured rate constants in the current study are orders of magnitudes higher, we believe that the energy transfer does not occur through the walls of the capsule. (ii) Energy transfer occurs between the donor guest and acceptor oxygen (both being present within the capsule). Under such conditions, static quenching is expected. Such a possibility has been ruled out by the results suggesting that the quenching is a dynamic rather than a static process (see Figs. 3 and 5 and related discussion).
(iii) The third possibility, which we favor, is the one where quenching is controlled by the capsule opening-closing process. In this case, the quenching would be expected to be dynamic. In solution, the rate constant for energy transfer between benzil and oxygen was measured to be 6 Â 10 8 (mol/L) -1 s -1 , which is higher than the number measured in the presence of the OA. 13, 14 Since the rate constants we have measured for benzil@OA 2 and five other guest@OA 2 capsuleplexes (Table 1) are lower than those in solution (in the absence of the OA), we believe that the measured rate constants do not represent the energy-transfer process, but they represent the accessibility of oxygen to the entrapped guest, which in turn depends on the capsule opening-closing process.
To fully understand the meaning of the quenching constant, we need to know exactly what the measured k q represents. The steps involved in the quenching are the formation of the encounter complex between molecular oxygen and the excited guest -OA capsuleplex (k d ), the decomplexation of the encounter complex between oxygen and capsuleplex without energy transfer (k -d ), and the capsule opening that facilitates the interaction between oxygen and the excited encapsulated guest (k o ). Upon close interaction between ground-state oxygen and the excited guest, we assume that the energy transfer occurs instantaneously, and the slow step is the accessibility of oxygen to the trapped excited guest molecule. Under these conditions, the measured k q would be given by eq. [1] . If we assume that k -d > k o , then k q and k o would be given by eqs. [2] and [3] , respectively. Since no specific interactions are expected between oxygen and the capsuleplex, we believe that k -d would be determined by the lifetime of the encounter complex (capsuleplex and oxygen) in water and k d would be the diffusion rate constant in water, which is 7.4 Â 10 9 (mol/L) -1 s -1 . 25 Based on literature reports, we assume that the lifetime of the encounter complex between oxygen and the capsuleplex in water would be between 0.1 and 0.5 ns. 26, 27 Thus, the value for k -d would be between 2 Â 10 9 and 1 Â 10 10 s -1 . Under such conditions, k o would be between 0.3 and 1.3 Â k q . On the basis of these assumptions, we believe that the measured quenching constants listed in Table 1 indirectly reflect the rate constants for capsule opening and that the values vary over at least two orders of magnitude between the pyrene triplet and the 4,4'-dimethylbenzil triplet.
Finally, we address the question of why the excited states of xanthione (T 1 , 4.7 ms), 4,4'-dimethoxythiobenzophenone (T 1 , 0.6 ms), pyrene (S 1 , 0.3 ms), and phenanthrene (S 1 , 0.05 ms) included within OA capsule are not quenched by oxygen (Table 1) . To understand this process, one needs to recognize that guests with excited-state lifetimes longer than 17 ms are quenched by oxygen to varying percentages (see Table 1 ). For example, the phosphorescence of adamantanethione (6) with a lifetime of 17 ms is quenched to 48% by oxygen (based on relative phosphorescence intensities of oxygen-and nitrogen-saturated solutions). On the other hand, 4,4'-dimethylbenzil with a lifetime of 596 ms is quenched to 85% of its initial phosphorescence intensity. Increased quenching cannot be solely due to the longer lifetime of the 4,4'-dimethylbenzil triplet. For example, the pyrene triplet with a much longer lifetime (922 ms) is quenched only to 38% as monitored by its T-T absorption. The most noteworthy feature is that molecules whose excited-state lifetimes are shorter than 5 ms remain unquenched by oxygen. We believe that 5 ms may be the cutoff point in terms of the accessibility of oxygen to the excited guest molecule. This suggests that the trapped guest excited state must live for longer than 5 ms for oxygen to access it. One could interpret this to mean that the capsule takes longer than 5 ms to open (at least in the case of xanthione).
As indicated by the quenching percentage (Table 1) , the time it takes for the capsule to open may vary with the guest. The excited-state lifetime alone does not determine the quenching percentage. As seen in Table 1 , there is no direct correlation between the lifetime and quenching percentage (compare the triplets of 2, 6, and 9). The observed k q range from 5 Â 10 5 to 9 Â 10 7 (mol/L) -1 s -1 , depending on the guest molecule (Table 1 ). This variation in k q values indicates that the structure of the guest plays an important role in the stability of the host-guest complex and the kinetics of the accessibility of oxygen to the entrapped guest. For example, for benzil, a k q of 1.3 Â 10 7 (mol/L) -1 s -1 was observed, whereas for longer dimethylbenzil (11.8 vs 13.7 Å ; see Scheme 3), a k q approximately six times larger (8 Â 10 7 (mol/L) -1 s -1 ) was observed (see Scheme 5 for cartoon representations of the capsuleplexes). This suggests that for the capsule to open just enough for oxygen to reach the excited guest, it takes about six times longer for benzil than for dimethylbenzil. Clearly, the length of the molecule that determines the compactness of the capsuleplex is important in the opening-closing process.
The most interesting observation was noticed with pyrene. In this case, a much smaller rate constant of 5 Â 10 5 (mol/L) -1 s -1 was observed. This small k q could be explained by the different nature of the pyrene triplet state (p-p*) compared with the benzil derivatives with an n-p* nature. Triplet states of n-p* are localized at the C=O chromophore, which is located at the capsule entrance for benzil derivatives, and therefore, probably more accessible to oxygen. Pyrene triplet states (p-p*) are delocalized over the entire molecule, which probably makes them less accessible to oxygen quenching at the capsule entrance. Thus, the measured quenching constant reflects the accessibility of oxygen to the excited guest for energy transfer to take place. Therefore, the extent of the required opening for each guest could vary, and this in turn may depend on the structure of the guest. We caution that the measured k q s listed in Table 1 do not represent the same extent of opening in all cases. However, the lower than diffusion-limited value and higher than the energy-transfer rate constant (k ET , Scheme 4) reported for a carcerand suggest that the measured k q s provide information concerning the opening of the capsuleplex. From the quenching studies, we conclude that the capsuleplex is dynamic and it periodically opens and closes in the ms time scale.
The difference in rate constants between the three thiones 4, 5, and 6 is also interesting. In spite of having similar tripletstate lifetimes in solution, the triplet-state lifetimes and quenching constants in OA capsuleplexes differ by an order of magnitude between fenchthione and adamantanethione. Examination of the orientation of the thiones within the capsule accounts for the difference. 9 Orientations based on 1 H NMR data of the three thiones within the capsule are shown in Scheme 5. NMR experiments showed that the thiocarbonyl chromophore of fenchthione is deeply buried at the bottom of the OA cap, which shields the excited state from oxygen quenching and, consequently, a lower k q is observed (1.6 Â 10 6 (mol/L) -1 s -1 ). Clearly in this case, a small opening as in the case of benzil would not suffice for oxygen to reach the excited chromophore. On the other hand, in the case of adamantanethione, where the thione chromophore is in the middle of the capsule, it could be accessed (similar to benzil) with a slight opening of the capsule. The observed quenching constant for adamantanethione is comparable to that of benzil, although they have distinctly different lifetimes (17 vs 151 ms). From these studies, it is clear that capsuleplexes of organic guests and OA are dynamic, and one of the motions they exhibit is the opening and closing of the capsule (Scheme 2d). The time scale for this process depends on the structure and hydrophobicity of the guest. The extent to which the capsuleplex has to open for quenching to occur may vary with the orientation of the guest within the capsule.
Conclusion
In this study, we show that excited states of guests enclosed as capsuleplexes could be quenched by oxygen via an energy-transfer process. The rate constant measured for the quenching reflects the accessibility of oxygen to the guest enclosed within the OA capsuleplex, and this in turn depends on the capsule opening-closing. The rate constant of this process most likely depends on the structure of the guest.
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